were successfully incorporated into TiO 2 nanotubes (TiO 2 -NT) to produce a composite nanotube material designated as g-C 3 N 4 /Bi 2 O 3 /TiO 2 . The photoelectrochemical (PEC) activity under visible light irradiation with respect to bleaching of methylene blue (MB) and degradation of phenol were determined. The UV-vis absorption spectrum of the composite material, g-C 3 N 4 /Bi 2 O 3 /TiO 2 -NT, was red-shifted toward a narrower band gap energy (E g ). The valence band (VB) of g-C 3 N 4 /Bi 2 O 3 /TiO 2 -NT was shifted to a more positive potential resulting in an increased driving force for water oxidation. The photocurrent generated by g-C 3 N 4 /Bi 2 O 3 /TiO 2 -NTs was approximately 15 times higher and the incident photon-to-current efficiency (IPCE at l ¼ 400 nm) was higher than that of the naked TiO 2 -NTs. This response is attributed to increasing the lifetimes of photo-generated electron-hole pairs. A significantly higher PEC response in terms of the bleaching of MB was observed on g-C 3 N 4 /Bi 2 O 3 /TiO 2 -NT. The roles of improved charge separation and subsequent higher electron-transfer efficiencies for in g-C 3 N 4 /Bi 2 O 3 / TiO 2 -NT electrodes were examined.
Introduction
Semiconductor photocatalysis has been extensively explored for a variety of environmental control applications [1] [2] [3] and for solar energy conversion in terms of photocatalytic water-splitting 4, 5 and articial photosynthesis including CO 2 reduction to hydrocarbon fuels.
6 Photoelectrochemical (PEC) activity under an applied potential bias was applied for splitting water or degradation of environmental pollutants. Since 43% of incoming solar radiation is within the visible region, improving solar conversion efficiency over this region is important.
7 For large-scale applications, sustained and in-depth attention has been paid to TiO 2 because the cost is low, stability is excellent and band edge potential is suitable. 8, 9 However, since UV light (4% of the solar spectrum) at l # 385 nm is required to activate anatase TiO 2 , the potential practical applications are limited.
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The modied TiO 2 has been investigated to improve the photocatalytic activity induced by visible light. For instance, doping TiO 2 with metal ions 11, 12 or nonmetal ions 13, 14 have been employed. Moreover, some non-oxide photocatalysts (e.g., metal suldes, (oxy) nitrides and oxysuldes) 15, 16 and various metal complexes (e.g., Pt, Au or Ag) 17 are quite active under visible light irradiation. However, rapid electron-hole recombination, reduced stability, and high costs of production of the doped metal oxides prevent their larger-scale practical applications.
Recently, compositing with two or more different substances together on TiO 2 has drawn increasing attention to researchers and been conrmed to be an effective approach. Polypyrroledecorated Ag-TiO 2 20 have shown promise for achieving higher visible light photocatalytic activity. In addition, electrochemistry improving the photocatalysis system also has been developed. N and S co-doped into TiO 2 nanotube array lms 21 and B and P co-doped TiO 2 nanotube arrays 22 exhibited excellent PEC properties and photocatalytic activities than undoped TiO 2 .
Recently, graphitic carbon nitride (g-C 3 N 4 ) was studied having capable of oxidation of pollutants under visible light irradiation. 23, 24 Moreover, g-C 3 N 4 has high chemical and thermal stability with narrower band gap energy (E g ) of 2.7 eV (ref. 23 ) than TiO 2 . Other researchers have synthesized TiO 2 modied with g-C 3 N 4 by chemical vapor deposition 25 or electrodeposition methods 26 to obtain materials that were photoelectrocatalytically active under visible light illumination. Bi 2 O 3 is also being explored as a potentially useful photocatalyst due to its lower bandgap energy (2.8 eV) and benecial electrical properties.
27 Bi 2 O 3 has also been combined with TiO 2 for improved visible light activity.
28,29 A multi-material composite incorporating g-C 3 N 4 and Bi 2 O 3 into titanium dioxide nanotubes was prepared and tested in our paper attempting to improve both the photocatalytic and photoelectrochemical activities under visible light irradiation.
Modication of TiO 2 nanotubes (TiO 2 -NT) via incorporation of g-C 3 N 4 and Bi 2 O 3 is expected to improve the overall visible light activity when compared to naked TiO 2 . Compared to the VB edge of TiO 2 (2.7 V vs. NHE (pH ¼ 7)), 30 the band edge of g-C 3 N 4 is more negative (1.4 V vs. NHE (pH ¼ 7)), 30 while the band edge of Bi 2 O 3 is more positive (3.13 V vs. NHE (pH ¼ 7)).
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This combination should improve overall electron-hole separation and improve electron transfer characteristics.
In order to prepare the composite catalyst, we employed a thermal poly-condensation and dip-coating method to modify TiO 2 -NTs with g-C 3 N 4 and Bi 2 O 3 . The degradation of methylene blue (MB) and phenol by PEC performance was investigated using a composite catalyst as anode. The PEC performances of the composite electrodes were examined and the photocatalytic (PC) and electrocatalytic (EC) activities under identical reaction conditions were also compared. A mechanism to account for enhanced PEC activity was nally proposed.
Experimental methods

Chemical reagents
Oxalic acid dehydrate ((COOH) 2 $2H 2 O) ($99.5% purity), ammonium uoride (NH 4 F) ($96.0% purity), melamine (C 3 H 6 N 6 ) ($98.5% purity), bismuth nitrate pentahydrate (Bi(NO 3 ) 3 $5H 2 O) ($99.0% purity), methyl alcohol (CH 3 OH) ($99.9% purity, HPLC, TEDIA company), ethylene glycol (C 2 H 6 O 2 ) ($99.5% purity), sodium sulfate (Na 2 SO 4 ) ($99.0% purity), sodium sulte (Na 2 SO 3 ) ($97.0% purity) were all purchased from Hangzhou Huipu Chemical Reagent Co., Ltd. 32,33 Metal-free g-C 3 N 4 powders were prepared by calcination of melamine to 520 C for 4 h.
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The g-C 3 N 4 /Bi 2 O 3 /TiO 2 -NTs composites were prepared by a dip-coating method in which 0.2 g g-C 3 N 4 and 0.243 g Bi(NO 3 ) 3 $5H 2 O were dispersed in 20 mL of ethylene glycol solution; the TiO 2 -NTs that were still attached to the Ti sheet were slowly dipped up and down from the above solution for 30 min. The dipped coated sheets were then annealed at 400 C for 2 h. The synthesized materials (TiO 2 -NTs, g-C 3 N 4 /TiO 2 -NTs, Bi 2 O 3 / TiO 2 -NTs and g-C 3 N 4 /Bi 2 O 3 /TiO 2 -NTs) were characterized by X-ray diffractometer (XRD), X-ray photoelectron spectroscope (XPS), emission scanning electron microscope (FE-SEM, Hitachi S-4700 II) with an energy-dispersive X-ray spectrometer (EDX), transmission electron microscope (TEM) and UV-vis diffuse reectance spectra (DRS).
PEC experimental techniques
The PEC properties of each sample were determined using an electrochemical workstation (CHI 660D). Modied TiO 2 -NTs electrodes were used as working electrodes with saturated Ag/ AgCl electrode as a reference electrode and Pt sheet as a counter electrode, respectively. Visible light at an intensity of 100 mW cm À2 was obtained by using a Xe-lamp light source with UV lter (l > 420 nm). Photocurrents and incident-photonto-current efficiencies (IPCE) were tested in mixed 0.1 M Na 2 SO 4 and Na 2 SO 3 solutions at pH of 10.5. IPCE measurements were taken at the visible wavelengths of 400, 430, 450, 475, 500, 550, 600 and 633 nm with a light intensity meter (model FZ-A). MottSchottky (M-S) plots and Nyquist plots were taken in 0.1 M Na 2 SO 4 solutions at pH ¼ 7.6. M-S plots were obtained at frequencies of 500, 1000 and 3000 Hz at an AC amplitude of 5 mV. Nyquist plots were obtained both under dark and visible light conditions. The experiments including Nyquist plots, LSVs and IPCE plots were repeated for 3 times. The activity of the prepared catalyst was assessed in three different modes of operation that include (1) photocatalytic (PC), (2) At given time intervals, 3 mL MB and 1 mL phenol aliquot samples were collected. The variation in the MB concentrations was recorded using an UV-vis spectrophotometer. The concentrations of phenol were analyzed by HPLC with a Diamonsil C18 column and ultraviolet detection at 278 nm with ratio of the deionized water and methanol of 6 : 4 (v/v) and a ow rate of 1.0 mL min À1 . The overall MB bleaching process and phenol degradation was tted to pseudo rst-order kinetics. Fig. 1 But g-C 3 N 4 was prepared at rst and was like the sheet structures, so some small sheets were deposited into the tubes of TiO 2 and some were accumulated on the surfaces of the tubes.
Results and discussion
SEM and TEM analyses
XRD and XPS analyses
The XRD analysis was applied to detect the formation of In addition, the XPS analysis of g-C 3 N 4 /Bi 2 O 3 /TiO 2 -NTs electrode is also depicted in Fig. 4 , which showed the existence of Ti 2p, O 1s, C 1s, N 1s and Bi 4f elements. In the inset gure of Fig. 3 , two peaks centered at 164.3 and 158.9 eV belong to Bi 4f 5/2 and Bi 4f 7/2 region, which should be determined as Bi 2 O 3 species. 35 While, near the main peaks due to Bi
3+
, there are other two small peaks centered at 157.2 eV and 162.6 eV, which 
the structure of Bi oxidation and titania to form the electronic effect between these two oxides. 
where a, h, n, E g and A are the absorption coefficient, Planck's constant, light frequency, band gap energy, and a constant, respectively. For TiO 2 , n is 4 for the indirect transition. 24 Thus, plots of (ahn) 1/2 versus photon energy (hn) are obtained. As shown in Fig. S2 , † the E g of TiO 2 -NTs is 3.25 eV, which is similar to anatase TiO 2 , 43 while the E g values for g-C 3 N 4 /TiO 2 -NTs, Bi 2 O 3 /TiO 2 -NTs and g-C 3 N 4 /Bi 2 O 3 /TiO 2 -NTs are 3.20 eV, 3.10 eV and 3.02 eV, respectively. The UV-vis DRS analysis was detected three times and the E g was changed a little. It was probably that there was a small amount of Bi 2 O 3 and C 3 N 4 were incorporated with TiO 2 using a dip-coating method, which leads the red shi not signicant. LSVs without irradiation were also tested, which shows the surface catalytic property of electrodes for O 2 evolution. 50 From Fig. 8 , most of the composite TiO 2 -NTs electrodes show a current response until the bias potential is at least 1.0 V (Fig. S3 †) implying that the surface became easier for O 2 evolution than the unmodied TiO 2 -NTs electrodes surface. Moreover, it indicates that the composite electrodes reduced the charge transfer resistance, 50 which is consistent with result of EIS Nyquist analysis in Fig. 6 . Fig. 9 shows LSVs of the composite TiO 2 -NTs electrodes under visible light irradiation in 0.1 M Na 2 SO 4 and Na 2 SO 3 mixture solution. The photocurrent of g-C 3 N 4 /Bi 2 O 3 /TiO 2 -NTs electrode is ca. 15 times larger than that of TiO 2 -NTs. Bi 2 O 3 / TiO 2 -NTs electrode has a lightly lower photocurrent compared to g-C 3 N 4 /Bi 2 O 3 /TiO 2 -NTs, but its photocurrent is still over 8 times larger than that of TiO 2 -NTs. The recombination of photogenerated electron-hole decrease with the bias potential increase, and the driving force for photo-generated electrons transferring to the external circuit enhanced. The enhancement of photo-response of g-C 3 N 4 /Bi 2 O 3 /TiO 2 -NTs electrode under visible light irradiation is probably due to: (1) the higher absorbance and the wider absorption edge; (2) the improved driving force for O 2 production; (3) the improved separation of photo-generated electron-hole pairs. where i ph is the photocurrent at 0.40 V (mA), l is the wavelength (nm) of light, and P in is the light power intensity at l (mW). The IPCE values decreased with increasing wavelength from 400 to 633 nm. The g-C 3 N 4 /Bi 2 O 3 /TiO 2 -NTs electrodes show the highest IPCE at 7.59% at 400 nm, which amounts to an enhancement of ca. 55% when compared to the unmodied TiO 2 -NTs (4.9%).
IPCE
Zhou's and co-workers 22 have developed boron and phosphor co-doped TiO 2 nanotube arrays (BP-TNTs) by an anodization process on a Ti sheet, achieving the highest IPCE value 3.8% at 400 nm. The same team also prepared a CN/TNT composite heterojunction photocatalyst, which had a maximum IPCE of 7.3% at 400 nm. 26 Jia et al. 53 have synthesized polypyrrole (PPy) onto self-organized TiO 2 nanotube arrays (TiO 2 -NTs), and the PPy/TiO 2 -NTs electrode showed the maximum IPCE of 5% at 410 nm. In contrast, the g-C 3 N 4 /Bi 2 O 3 / TiO 2 -NTs electrode has higher IPCE in the visible.
Pollutants degradation
MB and phenol are degraded on the g-C 3 N 4 /Bi 2 O 3 /TiO 2 -NTs electrode in photolysis, EC, PC and PEC processes, respectively. Fig. 11 shows the removal efficiency of MB at 6.4%, 8.8%, 50.2% and 77.9% aer 3 h of reaction in photolysis, EC, PC and PEC process. The corresponding apparent rate constants k ¼ 0.029, 0.24 and 0.50 h À1 in EC, PC and PEC processes, respectively.
The value of k for MB degradation in PEC process is roughly 1.9 times as high as that in (EC + PC) process, indicating that synergistic effect occurred during PEC process. Fig. S4 † shows the absorbance spectra of MB degradation at g-C 3 N 4 /Bi 2 O 3 / TiO 2 -NTs electrode in PEC process. There are three absorption peaks at 292, 246 and 665 nm, in which peak at 665 nm belongs to the auxochrome group of MB and the peaks at 292 nm and 246 nm belong to the substituted benzenes ring structures.
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It can be see that all of the peaks decreased during the reaction, which implied that the MB was bleached and the benzenes ring structures were also decomposed. In addition, before 235 nm, the absorbance spectra of MB increased with time increasing, which possibly shows that some substituted benzene derivatives or other intermediate products may be formed. The analysis of the intermediates needs further investigation. In addition, the colorless organic phenol also was degraded efficiently in PEC process by using g-C 3 N 4 /Bi 2 O 3 /TiO 2 -NTs electrode as shown in Fig. S5 . † Fig. S6 † shows HPLC of phenol degradation at the g-C 3 N 4 /Bi 2 O 3 /TiO 2 -NTs electrode in PEC process. Compared with the standard compounds, hydroquinone and benzoquinone were produced aer degradation as depicted in Fig. S6 . † It probably indicated that phenol was degraded to form hydroquinone and then transformed to benzoquinone, and then the benzene rings were opened to form small molecular acids and nally could be mineralized. To check the stability of g-C 3 N 4 /Bi 2 O 3 /TiO 2 -NTs electrode, MB degradation using the PEC process was repeated for four times. As shown in Fig. 13 , the degradation reaction is repeatable through four PEC reaction cycles. This indicates that g-C 3 N 4 /Bi 2 O 3 /TiO 2 -NTs electrode is reasonably stable during PEC processing.
Possible considerations
Based on the above results, suggested mechanism for charge separation and electron transfer in g-C 3 N 4 /Bi 2 O 3 /TiO 2 -NTs electrode is depicted schematically in Fig. 14 Fig. 14(a) , with the accumulation of valence holes of Bi 2 O 3 , the photo-induced holes of Bi 2 O 3 ow into the VB of the TiO 2 layer and then into the VB of the g-C 3 N 4 . Holes on the g-C 3 N 4 surface can also degrade MB, giving rise to enhance photocatalytic activity. 56, 57 Meanwhile, the electron injection is transferred from the CB of g-C 3 N 4 into that of TiO 2 and subsequently could be shuttled freely along g-C 3 N 4 /Bi 2 O 3 / TiO 2 -NTs matrix of the electrodes to the external circuit, enhancing the separation of electron-hole pairs. Moreover, photo-generated electrons of Bi 2 O 3 can react with oxygen molecules to generate superoxide O 2 c À , which leads to H 2 O 2 production and eventual bleaching of MB. Even though the TiO 2 interlayer isn't induced by visible light, it is used as a support and connector between Bi 2 O 3 layers and g-C 3 N 4 particles to improve the separation of electron-hole pairs. Key steps of the sequence of PEC reactions can be summarized as follows: 
Of course, two of these three substances (TiO 2 , Bi 2 O 3 and C 3 N 4 ) composited together, the electron-holes also could be transferred from high energy band to low energy band. So some other phenomenon, such as electrons transferred from C 3 N 4 to TiO 2 or from TiO 2 to C 3 N 4 , was described in Fig. 14(b) . 
Conclusion
